Introduction In contrast to nonsteroidal aromatase inhibitors, the steroidal aromatase inactivator exemestane does not have detrimental effects on bone in animal models. This study was designed to compare the effects of exemestane with the nonsteroidal aromatase inhibitors anastrozole and letrozole on serum and urine levels of biomarkers of bone turnover in healthy postmenopausal women.
Introduction
Aromatase inhibitors (AIs), which potently suppress estrogen synthesis in postmenopausal women, are increasingly used in the treatment of early-stage breast cancer to prevent disease recurrence. AIs reduce the plasma estrogen concentration by suppressing peripheral estrogen synthesis and might also suppress estrogen synthesized locally by aromatase in bone [1] . Because osteoporosis and the concomitant fracture risk are potentially serious adverse effects of AIs, a better understanding of their effects on bone is necessary.
Two classes of AIs, nonsteroidal and steroidal, are currently used in the treatment of breast cancer patients. After 1 year of treatment, the nonsteroidal AI anastrozole was reported to increase markers of bone turnover by 12.2-20.8% in postmenopausal women who had early breast cancer [2] . In the same study, after 1 and 2 years, anastrozole induced decreases of 2.6% and 4.0%, respectively, in lumbar spine bone mineral density (BMD) and 1.7% and 3.2%, respectively, in total hip BMD [3] . The nonsteroidal AI letrozole has similar effects. In a study in healthy late-postmenopausal women, letrozole increased markers of bone turnover by 15% after 6 months [4] , and in a similar study, there was a 25% increase in a marker of bone resorption after 3 months of letrozole treatment [5] . Preliminary results from a large, multicenter, open-label trial demonstrated that after 1 year of treatment with letrozole, lumbar spine and total hip BMDs decreased by 2.6% and 2.1%, respectively [6] .
In a preclinical model, the steroidal aromatase inactivator exemestane showed no detrimental effects on markers of bone turnover or BMD. Moreover, exemestane was protective against bone loss that occurred following ovariectomy in rats, whereas letrozole was not [7] . In the clinical setting, postmenopausal women with early breast cancer treated using exemestane (25 mg daily) or placebo for 2 years experienced a mean annual bone loss of 2.2% vs 1.8% (P = 0.57), respectively, in the lumbar spine and 2.7% vs 1.5% (P = 0.024), respectively, in the femoral neck. Exemestane also significantly increased levels of biomarkers for bone resorption and formation [8] . Because of the lack of any significant difference in the change in BMD in the lumbar spine, an area with frequent compression fractures, the clinical implication of a 1.2% (90% confidence interval (CI), 0.3-2.1%) difference in femoral neck BMD between the exemestane-treated group and the placebo group has been questioned [9] . Although these data support the possibility that exemestane might be associated with an attenuation of bone loss, they do not fully resolve questions regarding the role or mechanism of exemestane in bone turnover.
Other clinical studies have also reported unfavorable bone effects of exemestane, anastrozole, and letrozole [10] [11] [12] [13] [14] [15] , including an increased risk of fractures using anastrozole [16] and exemestane [14] compared with tamoxifen. However, the prior administration of tamoxifen -which is bone protectivein several of these studies makes interpretation of these findings difficult.
To date, there are no comparative data on the effects of the different AIs on bone. This study was conducted to compare the effects of the steroidal AI exemestane with the nonsteroidal AIs anastrozole and letrozole or placebo on serum and urine levels of biomarkers of bone turnover in healthy postmenopausal women.
Materials and methods
This randomized, single-blind, placebo-controlled exploratory study investigated the effect of low plasma estrogen levels, induced by AIs, on markers of bone turnover in 80 healthy postmenopausal women during 24 weeks of outpatient treatment using exemestane, letrozole, anastrozole, or placebo. All patients provided written informed consent. The study was conducted at two sites in Germany in accordance with the ethical principles that originated in the Declaration of Helsinki.
Patient selection and treatment
Healthy postmenopausal volunteers between 50 and 75 years of age were enrolled. Eligible subjects were at least 1 year postmenopause (defined as no menstrual bleeding for at least 1 year before screening and documented luteinizing and follicle-stimulating hormone levels within the postmenopausal range), had a body-mass index of 19-35 kg/m 2 , and had a body weight of 55-95 kg. All subjects had a normal BMD for their age, as confirmed by quantitative ultrasonometry (QUS).
Exclusion criteria included current or previous use of bisphosphonates or any other drug known to affect bone metabolism (including hormone-replacement therapy and statins) within 1 month before study entry, use of any medication within 2 weeks or five half-lives of the medication (whichever was longer) before study entry, subclinical hyperthyroidism or other metabolic disorder, any form of osteoporosis (as measured by BMD or QUS testing), and a history of bilateral oophorectomy.
Eligible subjects were randomized 1:1:1:1 to receive 24 weeks of treatment with anastrozole (1 mg), exemestane (25 mg), letrozole (2.5 mg), or placebo. Placebo tablets were identical in appearance to exemestane. Each treatment was administered orally, once daily after breakfast. Follow-up was continued until 12 weeks after the last dose of study medication (36 weeks).
Study end points
Subjects were evaluated at baseline and 2, 4, 8, 12, 16, 20, 24 , and 36 (follow-up) weeks. At each visit, clinical and laboratory safety tests were performed and blood and urine samples were obtained for assessment of the study end points.
The primary study end point was the percentage change from baseline to week 24 in bone-turnover biomarkers, including bone-formation markers (bone alkaline phosphatase (BAP) and procollagen type I N-terminal propeptide (PINP)) and bone-resorption markers (serum C-terminal telopeptide of type I collagen (S-CTx), urine-adjusted urinary (U-)CTx, and urine-adjusted urinary N-terminal telopeptide of type I collagen (U-NTx)).
Predefined secondary end points included the percentage change from baseline in concentrations of bone-turnover biomarkers at weeks 12 and 36 (12 weeks after completion of treatment), change in the baseline-adjusted area under the curve (AUC) for weeks 0-12 and 0-24 for bone-turnover markers, percentage of baseline estrogen concentrations (estradiol (E 2 ), estrone (E 1 ), and estrone sulfate (E 1 S)) at weeks 12, 24, and 36, percentage change from baseline in lipid parameters (total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides) at weeks 12, 24, and 36, and safety.
Adverse events were monitored by means of verbal probes and spontaneous reports and reported using the National Cancer Institute Common Toxicity Criteria (NCI CTC) medical terminology and grading system, version 2.0. Patients experiencing adverse events that were considered to be causally related to study medication were followed up until resolution of the event.
Sample collection and handling
Blood and urine samples were obtained at baseline and 2, 4, 8, 12, 16, 20, 24 , and 36 (follow-up) weeks. Blood samples for estrogen measurement were collected into prechilled heparinized tubes. Baseline levels were defined as the mean of observations taken on study days -2, -1, and 0. Subjects were instructed to consume nothing by mouth after midnight on the day before scheduled visits.
Serum was harvested from blood samples, which were drawn in the morning before drug dosing and after an overnight fast. Second-void urine samples were collected in the morning before dosing and after an overnight fast. Serum, plasma, and urine samples were stored at -20°C until processed.
Laboratory methods
All assays were performed in centralized laboratories under blinded conditions. Assays for CTx and NTx were performed on urine samples. Urinary assay values were corrected for urinary dilution by urinary creatinine analysis [17] . U-CTx and UNTx levels were adjusted for renal function according to the level of urinary creatinine. Concentrations of BAP, CTx, PINP, and lipids were measured in serum samples. Estrogen levels were measured in plasma. The levels of bone-turnover markers, lipids, and estrogens were evaluated by radioimmunoassay, ELISA, or automated tests using commercially available kits as specified by the manufacturers (Table 1) . For the estrogen assays, the radioimmunoassays were performed on plasma samples previously purified by HPLC to remove any potential interference by exemestane and its metabolites [18] .
Statistical analysis
This was an exploratory study, and no reliable comparable bone-turnover-marker data are available in this study population. The sample size was calculated according to an effect size, defined as the expected difference in group means to the within-group standard deviation. A sample size of 20 within each of the four treatment groups was calculated to have an 80% power to detect an approximate effect size of 0.9 at the 0.05 level. The current analysis was performed in the evaluable population, which included all randomized subjects who received at least one dose of study medication, had evaluable data from the baseline and week 12 assessments at least, and maintained suppression of estrogen throughout the study.
Descriptive statistics, including mean, standard deviation, median, and range for continuous variables and frequency and percentage for categorical variables, were used for all demographics, baseline characteristics, and pretreatment conditions, as appropriate. Percentage change from baseline in bone-turnover markers and lipid profiles and percentage of baseline estrogen concentrations were also summarized by assessment time and treatment arm using descriptive statistics. A one-way analysis of variance model was used to test baseline and demographic characteristics for homogene- ity of the populations in each of the four treatment groups. The Kruskall-Wallis test was used to exclude differences in the baseline values of bone-turnover markers, plasma estrogen concentrations, and lipid profiles between the three active treatment groups and compare the percentage change in these parameters from baseline. Values reported as below the limit of quantification for markers of bone turnover (<2 for creatinine and ≤28 for U-NTx) were treated as missing data.
The baseline-adjusted AUC (henceforth referred to as AUC for weeks 0-12 and 0-24 was calculated for all bone-turnover markers to evaluate accumulated changes in bone turnover over time, rather than at discrete time points [19] . The AUC was calculated as follows, using BAP as an example: the baseline-adjusted AUC 0-t week was calculated as the AUC BAP-t* baseline concentration of BAP, where t = 12 or 24 weeks. The AUC BAP(0-t) was then calculated by summing the partial AUCs using the trapezoidal rule. The AUC was summarized by assessment time and treatment arm by means of descriptive statistics.
Results
One hundred and seventy-five subjects were screened. A total of 84 subjects were randomized to one of four treatment groups and included in the safety evaluation. All randomized subjects received at least one dose of study medication. Estrogen and lipid levels were reported in the modified intent-totreat (mITT) population (n = 79), which excluded five subjects who discontinued treatment early owing to withdrawal of consent (one anastrozole-and two exemestane-treated subjects) and adverse events (one placebo-and one anastrozoletreated subject). Estrogen levels were not suppressed in five subjects (one exemestane-, one letrozole-, and three anastrozole-treated subjects). Estrogen levels returned to baseline values after initial suppression to below the limit of quantification in two additional subjects who were presumed to be noncompliant. Because the intent of the study was to assess differences among AIs in the presence of low plasma levels of estrogen, these subjects were excluded from the bone-marker analyses; therefore, the evaluable population for bone-marker data from baseline comprised 74 subjects. Bone-marker data for the two additional subjects were excluded from the analysis from the time the estrogen levels increased (weeks 16 and 20, respectively). Patient disposition is summarized in Figure 1 .
Baseline characteristics were comparable among the four treatment groups in the safety and mITT populations. Baseline demographics for the evaluable population are summarized in Table 2 . All subjects were white women who had experienced a natural menopause; no subjects had undergone ovariectomy. The overall mean (standard deviation) time since the onset of menopause was 11.7 (6.7) years (range, 1-28 years). Baseline concentrations of bone-turnover markers, estrogens, and lipids were similar among the treatment groups (Table 2) .
Bone turnover
Baseline concentrations of bone-turnover markers in the evaluable population were similar among the treatment groups ( Table 2 ). The effects of each treatment on bone-turnover markers are summarized in Table 3 .
Bone-formation markers
For the primary end point of the percentage increase from baseline of PINP concentration at 24 weeks, exemestane treatment demonstrated an approximately fourfold greater increase from baseline compared with the other AIs and placebo ( Figure 2 ). Because the magnitude of this change was of interest, a retrospective statistical comparison among treatment arms using a nonparametric Kruskall-Wallis test was performed.
The results of this analysis demonstrated that, at 24 weeks, only exemestane treatment consistently resulted in an increase in the level of PINP, with a median percentage change of 24% and 95% CI of 11-30% (Table 3) ; however, between-group differences did not reach statistical significance at 24 weeks (P = 0.147). At week 36, 12 weeks after discontinuation of treatment, the percentage change from baseline was positive for the three AIs, by approximately 24% for letrozole, 15% for exemestane, and 10% for anastrozole, compared with a slight decrease from baseline for placebo.
Subjects receiving exemestane exhibited a significantly higher baseline-adjusted AUC for PINP during treatment. Because the differences were significant overall among the four groups (P = 0.011 for AUC 0-12 week and P = 0.004 for AUC 0-24 week ), pairwise comparisons were assessed, as above. The AUC 0-12 week for subjects receiving exemestane was elevated (42%; 95% CI, 25-73%) from baseline, whereas the letrozole-and anastrozole-treated groups showed a decrease of approximately 10% from baseline (P = 0.002 and P = 0.011 for letrozole or anastrozole vs exemestane, respectively); the placebo group showed an increase of approximately 19%. The AUC 0-24 week for exemestane was dramatically greater (187%; 95% CI, 95-295%) than that observed for both nonsteroidal AIs (P < 0.001 and P = 0.004 for letrozole or anastrozole vs exemestane, respectively). Because the magnitude of this change was also of interest, a retrospective statistical comparison, as described above, was again used to compare results between treatment arms (Figure 3 ).
The median percentage change in BAP concentration at week 24 in the exemestane-treated group was increased slightly from baseline, whereas other treatment groups exhibited slight decreases in the concentration of BAP from baseline ( Figure  4) ; however, the 95% CI for exemestane was nearly twice that of the other groups at this time point (Table 3) . At week 12, all groups exhibited a slight decrease in the concentration from baseline, with anastrozole demonstrating the largest decrease. At week 36, the percentage change in BAP concentration from baseline in the letrozole-treated group was more than twofold compared with the exemestane-treated group and more than tenfold compared with the anastrozole-treated or placebo groups.
For the AUC 0-12 week and the AUC 0-24 week , the subjects receiving exemestane were the only group to exhibit an increase from baseline (except the placebo group at 24 Bone-resorption markers For S-CTx, the median percentage change from baseline increased at week 24 with exemestane and letrozole treatment, demonstrating approximately twofold greater increases compared with anastrozole treatment or placebo. These increases were already apparent at week 12, and the increase from week 12 to week 24 was less noticeable. At week 36, the median percentage change from baseline for S-CTx was essentially unchanged from week 24 for the groups receiving letrozole, anastrozole, and placebo, but that of the exemes- *The baseline value was calculated as the mean of three baseline measurements. BAP, bone alkaline phosphatase; BCE, bone collagen equivalent; BMI, body-mass index; Cr, creatinine; E 1 , estrone; E 1 S, estrone sulfate; E 2 , estradiol; HDL, high-density lipoprotein; LDL, low-density lipoprotein; max; min; PINP, procollagen type I N-terminal peptide; S-CTx, serum Cterminal telopeptide of type I collagen; SD, standard deviation; U-CTx, urine C-terminal telopeptide of type I collagen; U-NTx, urine N-terminal telopeptide of type I collagen.
tane-treated group decreased by approximately 35% following the end of treatment at week 24.
The median percentage changes in the AUC 0-12 week and AUC 0-24 week for S-CTx were minimal for all groups.
For the median percentage change in U-CTx at week 24, the letrozole-treated group had the largest increase from baseline and 95% CI (34%; 95% CI, 19-74%). Exemestane treatment and placebo increased the level of U-CTx approximately 22% and 15%, respectively, and anastrozole treatment demonstrated only a slight increase (2%; 95% CI, -6% to 29%). By *All data are medians (bias-corrected and adjusted 95% bootstrap confidence interval). AUC, area under the curve; BAP, bone alkaline phosphatase; BCE, bone collagen equivalent; Cr, creatinine; PINP, procollagen type I N-terminal peptide; S-CTx, serum C-terminal telopeptide of type I collagen; U-CTx, urinary C-terminal telopeptide of type I collagen; U-NTx, urinary N-terminal telopeptide of type I collagen.
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contrast, at week 12, the exemestane-treated group had the greatest increase from baseline (20%; 95% CI, 5-38%) and was approximately sevenfold higher than the anastrozoletreated group, with the letrozole-treated and placebo groups intermediate. At week 36, U-CTx levels remained highly elevated from baseline in the letrozole-treated group (46%; 95% CI, 26-70%) and had an additional relative increase of 37% from the levels observed at the end of treatment. Anastrozole treatment and placebo demonstrated similar patterns of increase, with increases from week 24. By contrast, the level of U-CTx decreased approximately 23% 12 weeks after discontinuation of exemestane treatment.
The AUC 0-12 week for U-CTx demonstrated large differences between groups, with increases of approximately 275% in the exemestane-and letrozole-treated groups, but a decrease of 242% from baseline in the anastrozole-treated group. The placebo group demonstrated a lesser increase from baseline of 105%. The 95% CIs for all groups were large; the greatest was in the anastrozole-treated group and the least was in the placebo group. For the AUC 0-24 week , exemestane and letrozole treatment demonstrated extremely large increases from baseline of 1063% and 1157%, respectively, with the group receiving placebo demonstrating a lesser increase of 427% and anastrozole treatment producing an increase of 61% from Change in serum concentrations of PINP from baseline to week 24 in the evaluable population Change in serum concentrations of PINP from baseline to week 24 in the evaluable population. The median percentage change (95% CI) from baseline was consistently positive only for exemestane (24%; 95% CI, 11-30%). The overall differences between the four groups were not statistically significant (P = 0.147 using the Kruskall-Wallis test). CI, confidence interval; PINP, procollagen type I N-terminal propeptide.
Figure 3
Baseline-adjusted AUC 0-24 week for serum concentrations of PINP in the evaluable population Baseline-adjusted AUC 0-24 week for serum concentrations of PINP in the evaluable population. The increase in baseline-adjusted AUC 0-24 week for exemestane was 187% (95% CI, 95-295%). The AUC 0-24 week for exemestane was significantly greater than anastrozole (P = 0.004), letrozole (P < 0.001), or placebo (P = 0.033). Changes in baselineadjusted AUC 0-24 week were not statistically significant for other active treatments or placebo. The overall differences between the four groups were statistically significant (P = 0.004 using the Kruskall-Wallis test). AUC, area under the curve; PINP, procollagen type I N-terminal propeptide. Change in serum concentrations of BAP from baseline to week 24 in the evaluable population Change in serum concentrations of BAP from baseline to week 24 in the evaluable population. BAP, bone alkaline phosphatase.
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Figure 5
Change in U-NTx concentrations from baseline to week 24 in the evaluable population Change in U-NTx concentrations from baseline to week 24 in the evaluable population. UNTx (adjusted) , adjusted urinary N-terminal telopeptide of type I collagen. Changes in the levels of U-NTx were variable across groups and time points. At the primary end point of 24 weeks, letrozole treatment increased the level from baseline, exemestane treatment decreased the level, and anastrozole treatment and placebo exhibited only slight changes in the level from baseline ( Figure 5 ). By contrast, at week 12, the median percentage change in the level after exemestane treatment was increased from baseline, anastrozole treatment demonstrated a slight decrease in the level from baseline, and the level was essentially unchanged in the letrozole-treated and placebo groups. Twelve weeks after discontinuation of study drug, the letrozole-treated and placebo groups again demonstrated moderate increases in the level of U-NTx from baseline, whereas the exemestane-and anastrozole-treated groups exhibited moderate-to-small decreases from the baseline level.
Exemestane Letrozole
For the AUC (0-12 week) , U-NTx was elevated approximately 50% from baseline in the exemestane-and letrozole-treated groups, decreased approximately 6% from baseline in the anastrozole-treated group, and remained essentially unchanged in the placebo group. At 24 weeks, letrozole treatment demonstrated a fivefold greater increase in the AUC (0-24 week) from baseline, compared with exemestane treatment, whereas the level in the anastrozole-treated group decreased nearly 10% and that in the placebo group decreased nearly 50% from baseline.
Estrogen plasma concentrations
Baseline concentrations of estrogens in the mITT population were similar among treatment groups ( Table 2) . As expected, estrogen concentrations (E 1 , E 2 , and E 1 S) were significantly reduced compared with the placebo group at 12 and 24 weeks in the evaluable subjects treated with all three AIs (P < 0.001 for all comparisons; Table 4 ). The levels of E 1 and E 2 decreased to near or below the level of quantification. At week 36 (12 weeks after completion of active treatment), plasma E 1 , E 2 , and E 1 S concentrations had returned to near baseline for the three active-treatment groups and were again similar to those observed in the placebo group.
Lipid profiles
Baseline concentrations of lipids in the mITT population were similar among treatment groups (Table 2) . Overall, the percentage changes from baseline to week 12, 24, or 36 in all the lipid parameters monitored were similar between groups (Table 5) .
Safety
Treatment-emergent adverse events were reported by 62 (73.8%) subjects, and treatment-related adverse events were reported by 39 (46.4%) subjects. Most adverse events were mild to moderate in severity. Five subjects experienced serious adverse events (two exemestane-, one anastrozole-, and two placebo-treated subjects), none of which were considered related to the study medication. Two subjects (one anastrozole-and one placebo-treated subject) discontinued treatment owing to adverse events, neither of which was considered to be treatment related. The most frequently reported adverse events (>10% of subjects in any treatment group) were headache, alopecia, nasopharyngitis, hot flushes, weight increase, arthralgia, and diarrhea. The incidence of adverse events probably owing to estrogen reduction was comparable between treatment groups.
The incidence of laboratory toxicities was comparable between active-treatment groups and the placebo group. No laboratory abnormality exceeded NCI CTC toxicity grade 2 (moderate). Most of the laboratory abnormalities were grade 1 (mild), and none were considered an adverse event or clinically significant by the investigator.
Discussion
In postmenopausal women with early breast cancer, AIs offer significant benefit over standard treatment with tamoxifen for 5 years in terms of disease-free survival and, for anastrozole and exemestane, reduced contralateral breast cancer and time to recurrence [20] [21] [22] [23] [24] [25] . Despite these encouraging results, the long-term clinical impact of AIs must be established because the aromatase enzyme has an important role in numerous normal physiological processes [26] . A key role of aromatase is Table 5 Median HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; mITT = modified intent to treat. local production of estrogens, which are essential for the maintenance of bone integrity [27] . There are, therefore, two important questions that must be addressed, as follows: will AIs accelerate the negative skeletal balance associated with the menopause; and if so, to what extent? Although several relatively short-term clinical studies suggest that AIs accelerate bone loss [2, [4] [5] [6] 8] , to date there have been no comparative clinical studies. Because preclinical data suggest that the steroidal AI exemestane might have different effects on bone compared with the nonsteroidal AIs [28] , this study was designed to assess the effects of the different AIs by evaluating changes in bone biomarkers after short-term treatment (24 weeks).
This short-term study demonstrates differential effects of the AIs evaluated on bone-turnover markers. For the primary end point of the effect on markers of bone turnover at 24 weeks, markers of bone resorption were increased in all treatment groups, including placebo, but the magnitude of increase was noticeably lower for anastrozole compared with the other groups. Measures of bone resorption (that is to say, S-CTx and U-CTx) were increased to the greatest extent by letrozole; however, the 95% CIs overlapped between all groups. By contrast, exemestane was the only AI to increase the median percentage change from baseline to week 24 for both PINP and BAP concentrations. Although the PINP concentration was increased from baseline by approximately 6% in all other groups, the BAP concentration decreased from baseline or remained essentially unchanged. A retrospective statistical comparison of the changes in PINP levels showed a statistically greater increase for exemestane treatment compared with the other AIs or placebo at week 24, but this statistical comparison must be interpreted in light of its retrospective nature and the potential lack of sufficient power of this small study.
Following discontinuation of treatment at 24 weeks, the levels of markers of bone resorption (S-CTx and U-CTx) remained elevated or continued to increase from baseline to week 36 in patients receiving letrozole, anastrozole, or placebo; by contrast, the levels of markers of bone resorption tended to decline towards baseline at week 36 following discontinuation of exemestane at week 24. The effect of exemestane withdrawal for 3 and 6 months has been studied in postmenopausal women following 2 years' treatment [29] . After exemestane withdrawal, bone-resorption markers returned to, or below, baseline values within 6 months, with the exception of the S-CTx concentration. For markers of bone formation (for example, BAP, PINP, and osteocalcin), a successive decrease in values at 3 and 6 months after terminating therapy was recorded; however, the levels of all markers of bone formation remained elevated at 6 months compared with the baseline value. The results of the current study, described after 12 weeks of exemestane withdrawal, are consistent with these observations. These findings could be further assessed by correlating BMD measurements and fracture data to changes in bone biomarkers in a large confirmatory trial.
The primary benefit of the use of biochemical markers is their ability to reflect small changes in bone formation or resorption before such changes are detectable radiologically [30] . Although bone-turnover data are typically reported at discrete time points, we suggest that assessing data over time using the AUC method might be more illustrative of the true impact of interventions. This technique avoids the oversimplification associated with reporting a value at a single point in time, which might lead to incorrect inferences. Instead, the AUC provides a view of the whole spectrum of values because results are depicted over time [19, 30, 31] .
In our study, the data gathered by the AUC analysis demonstrate that exemestane might have a greater effect on bone formation compared with the nonsteroidal AIs, particularly PINP levels. By contrast, letrozole, the more potent of the two nonsteroidal agents [32, 33] , demonstrated the greatest impact on bone resorption, which continued to be significantly elevated 3 months after discontinuation of treatment. Thus, this short-term study suggests there are differences between steroidal and nonsteroidal AIs; however, the results from this exploratory, short-term study must be replicated by a larger controlled trial of longer duration.
The basis for the hypothesized difference in the effects of nonsteroidal AIs and the steroidal aromatase inactivator exemestane is the steroidal structure of exemestane and the androgenic activity of its primary metabolite, 17-hydroexemestane [18] . Both androgens and estrogens have a role in skeletal development and maintenance in women [27] . However, estrogens reduce bone resorption, whereas androgens stimulate bone formation and are thought to be effective in reducing fracture risk [34] . In fact, regardless of estrogen status, perimenopausal women with higher androgen concentrations have a slower rate of bone loss compared with women who have lower concentrations [35] , and administration of low doses of oral androgen in combination with estrogen results in higher concentrations of bone-formation markers than treatment with estrogen alone in postmenopausal women [36] . On the basis of its pharmacologic characteristics, these findings support the hypothesis that exemestane might have differential effects on bone compared with nonsteroidal AIs.
When the bone-marker data were analyzed for the mITT population (data not shown), the results were similar to those observed in the evaluable population. The mITT population included all subjects who received at least one dose of study medication and had baseline and week 12 assessments at least. Therefore, unlike the evaluable population, the mITT population included the five patients who did not demonstrate estrogen suppression following treatment with an AI. Because third-generation AIs provide consistent suppression of estrogen synthesis in postmenopausal women, it is our impression that these five subjects had poor or inconsistent compliance and were, therefore, not evaluable for the purpose of our study because our analysis was designed to demonstrate the potentially unique response of bone biomarkers to AIs in the presence of effective suppression of estrogens.
We did not report the BMD or fracture rate because of the relatively short duration of our study. BMD is directly related to fracture risk and, therefore, often used to diagnose osteoporosis. However, the BMD must be monitored for several years, not months, to be useful for determination of fracture risk, and changes in BMD do not correlate linearly to fracture risk reduction. Moreover, BMD is only one factor contributing to bone strength and fracture risk. Bone strength is determined by bone quantity (that is to say, density and size) and bone quality (that is to say, microarchitecture and macroarchitecture, material properties, and turnover) [37] . In mechanical terms, the load-bearing capacity or quality of bone is determined by ultimate force (strength), resilience, stiffness, and toughness, and the overall quality of bone is affected by the rate of bone turnover [38] . Although BMD is considered a good diagnostic tool for identifying osteoporosis in untreated patients, emerging data suggest that biochemical markers of bone turnover might also be accurate predictors of treatmentinduced bone changes [37, 38] .
Ultimately, adverse effects on bone metabolism are among the most serious concerns when considering the long-term use of AIs in postmenopausal women. Although measures such as exercise, calcium and vitamin D supplementation, and bisphosphonate administration are being used to alleviate this risk, a finding that exemestane might be superior to other thirdgeneration AIs, in terms of its effects on bone metabolism, could have clinical significance. For this reason, two large ongoing trials are of particular interest: the CAN-NCIC-MA27 study and its companion study, evaluating BMD in postmenopausal women who have primary breast cancer that is treated using exemestane or anastrozole, and the Femara Anastrozole Clinical Evaluation study, a comparison of letrozole with anastrozole in the treatment of postmenopausal women with hormone-receptor-positive and node-positive breast cancer. These studies should help determine the relative differences in the risk of bone loss with long-term use of the different AIs.
Our data support the hypothesis that a mild androgenic effect on bone can be exerted by the steroidal AI exemestane. Our study shows a qualitative difference in the concentration of the bone-formation marker PINP in a short-term, 24-week treatment period, but it involved a small number of women and these findings need confirmation by a larger trial. It is also important to note that all AIs are associated with bone loss, and only long-term comparative clinical studies monitoring fracture outcome will determine the relative effects of the different AIs on fracture risk. Changes in the levels of boneresorption markers are more sensitive in predicting subsequent fracture risk than changes in the levels of bone-formation markers, thus limiting the interpretation of our short-term findings [39] .
However, because androgens affect bone quality and quantity [40, 41] , the use of surrogate markers, such as BMD, to assess bone effects of AIs might not provide a clear indication of comparative fracture risk. Bone-quality studies using bone biopsies and histomorphometry might prove valuable for assessing the early effects of exemestane on bone quality.
Conclusion
In recent years, use of the third-generation AIs anastrozole, letrozole, and exemestane has resulted in improved clinical outcomes for postmenopausal patients with early breast cancer. However, because of their estrogen-lowering effect, AIs might increase the risk of osteoporosis and fractures in some patients. Preclinical studies have suggested that exemestane (a steroidal aromatase inactivator) might have differential effects on bone compared with the nonsteroidal AIs anastrozole and letrozole. In our study, exemestane was the only AI that significantly increased serum levels of PINP, a marker of bone formation, at 24 weeks in healthy postmenopausal women. These data need confirmation by a larger comparative trial. Whether these observations correlate to a decreased relative risk of osteoporosis and fractures compared with nonsteroidal AIs in patients receiving long-term adjuvant treatment for early breast cancer requires further study.
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